Background: Soluble CD147 (sCD147) is the shed form of membrane-bound CD147, which is involved in the regulation of cellular functions. The presence of sCD147 in body fluids is associated with several diseases.
Introduction
CD147, also called M6 antigen, 1 basigin, 2 or extracellular matrix metalloproteinase inducer (EMMPRIN), 3 is a 50-60 kDa type I integral transmembrane glycoprotein. This molecule is broadly expressed by many cell types, including epithelial cells, endothelial cells, leukocytes, red blood cells and platelets. 4 The CD147 molecule contains immunoglobulin (Ig)-like domains in the extracellular part with a single transmembrane domain and a short cytoplasmic tail. [1] [2] [3] [4] [5] [6] [7] Due to alternative splicing, CD147 has been categorized into four isoforms (basigin-1 to -4), which differ in the number of Ig-like domains in the extracellular region. 5 Basigin-2 or the general form is the major form containing two Ig-like domains (membrane-distal domain; D1 and membrane-proximal domain; D2). Basigin-1 is a retina-specific form and has three extracellular Ig-like domains (D0, D1 and D2). Basigin-3 and basigin-4 have only one extracellular domain (D2). 5, 6 CD147 has been characterized
Methods

Antibodies and reagents
The anti-CD147 mAbs recognizing D1 of CD147 molecule (CD147 D1) clone M6-1E9 (isotype IgG2a) and the anti-CD4 mAb clone CD4-COS1 (IgG2a) were produced in our laboratory. 9, 30 The anti-CD147 mAb binding CD147 D1 clone MEM-M6/3 (IgG1) and the anti-CD147 mAb specific for CD147 D2 clone MEM-M6/6 were purchased from Exbio (Prague, Czech Republic). 31 The anti-CD3 mAb clone OKT3 (IgG1) (Ortho Pharmaceuticals, Raritan, NJ, USA), anti -CD31 mAb clone JC70A (IgG1) (Dako, Glostrup, Denmark), horseradish peroxidase (HRP) conjugated rabbit anti-mouse immunoglobulin Abs (Dako), AlexaFluor 488-anti-mouse IgG Abs (Invitrogen, Carlsbad, CA, USA), lipofectamine 2000 (Invitrogen), EZ-Link™ Sulfo-NHS-Biotin (Pierce, Rockford, IL, USA) used in this study were sourced as noted. CHO-S-SFM II and DMEM medium were purchased from Gibco (Grand Island, NY, USA). The BLItz biolayer interferometry biosensor and the streptavidin sensor were obtained from FortéBio (Pall Life Sciences, Menlo Park, CA, USA).
Preparation of recombinant proteins
Chinese hamster ovarian (CHO) cells carrying the gene encoding for the CD147 extracellular domain-human IgG Fc fusion protein (CD147Rg; contain D1 linked to D2) and CD31 extracellular domain-human IgG Fc fusion protein (CD31Rg) were kindly provided by Prof. Dr. Hannes Stockinger (Medical University of Vienna, Austria). 31, 32 Recombinant soluble CD147Rg and CD31Rg were prepared from the described CHO cells. In brief, CHO cells carrying the CD147Rg or CD31Rg gene were cultured in CHO-S-SFM II medium (Gibco) with 5 mM methotrexate at 37°C and 5% CO 2 . The culture supernatant containing CD147Rg or CD31Rg was collected and subjected to purification by affinity chromatography on a HiTrap Protein G HP column (GE Healthcare, Uppsala, Sweden), based on the human IgG-Fc part. The purified recombinant proteins were confirmed by ELISA using corresponding specific mAbs. The validated purified recombinant proteins were used as sCD147 general form (D1 linked to D2) and sCD31 (recombinant protein control).
The recombinant CD147 D1-human IgG Fc fusion protein (CD147-D1Rg) and CD147 D2-human IgG Fc fusion protein (CD147-D2Rg) were prepared using the COS7 cell expression system. COS7 cells were maintained in a DMEM medium (Gibco) supplemented with 10% fetal bovine serum (Gibco), 100 U/mL gentamicin, 2 mg/mL Fungizone, at 37°C and 5% CO 2 . The COS7 cells (5.0 × 10 5 ) were transfected with 4 μg of the pCDM8 plasmid vector encoding CD147-D1Rg or CD147-D2Rg (provided by Prof. Dr. Hannes Stockinger), using Lipofectamine 2000 (Invitrogen). The schematic illustration of CD147 molecule and plasmid vector is shown in Figure  S2 -A. The transfected COS7 cells were cultured in CHO-S -SFM II medium (Gibco) at 37°C and 5% CO 2 .
31 Intracellular immunofluorescence staining was performed to determine the production of CD147-D1Rg or CD147-D2Rg. The culture supernatants were collected and used as sCD147 D1 and sCD147 D2 for the validation of the biosensor system.
Determination of produced recombinant proteins by ELISA
The purified recombinant proteins (5 µg/mL) were prepared in a carbonate-bicarbonate coating buffer (pH 9.6) and coated on the well surface of the plate at 4°C overnight. The free surface of each well was blocked with 2% skimmed milk in PBS. Anti-CD147 mAb and anti-CD31 mAb (10 µg/ml) were added into the wells and incubated at 37°C for 1 h. After washing four times, HRP-conjugated rabbit anti-mouse immunoglobulin Ab was added into all wells. After incubation at 37°C for 1 h, the plate was washed four times and the reactions were observed by adding a TMB substrate (Zymed) and measuring the optical density (OD) at 450 nm. as a multifunctional molecule, which is involved in many cellular processes including cell adhesion, cell migration and T cell activation. [7] [8] [9] [10] In addition, CD147 is able to induce matrix metalloproteinase (MMP) production, which is associated with cancer progression and metastasis. 11, 12 Elevated CD147 expression has been reported in various cancers. [13] [14] [15] Over the past decade, soluble CD147 (sCD147) has been uncovered in addition to membrane-bound CD147. sCD147 production is mediated by two different mechanisms: microvesicular secretion and proteolytic cleavage. 16, 17 Full length sCD147 is released by microvesicular secretion, 16, 18 whereas the extracellular fragment of sCD147 is shed either in the general form (D1 linked to D2) or only in the D1 form via MMP-dependent cleavage. 17, 19 The two extracellular Ig-like domains of the CD147 molecule contain three distinct N-glycosylation sites: one asparagine on D1 and two asparagines on D2. 5, 20 The different glycosylation sites on D1 and D2 result in its different functions and binding capacity. The binding of CD147 D1 and its ligands contributes to some functions of the CD147 molecule, including MMP induction, cell adhesion and migration. 5, 12, 21 The D2 region of the CD147 molecule is responsible for the association with integrin and annexin II, which are involved in cell adhesion, invasion and migration. 21 An interaction between D2 and caveolin-1 has been demonstrated, and this interaction suppresses MMP production. 21, 22 The different shed sCD147 isoforms might initiate different cellular responses, which may be involved in immunoregulation and the mechanisms underlying disease. The presence of sCD147 in clinical samples has been reported in many diseases such as systemic sclerosis, hepatocellular carcinoma, ankylosing spondylitis and coronary diseases. 12, [23] [24] [25] [26] Detection of sCD147 forms in clinical samples may, therefore, be a useful marker for the diagnosis and prognosis of disease. 23, 26 However, the currently available methods for measuring sCD147 are unable to detect and characterize the truncated form of sCD147. 23, 27, 28 The structure of shed sCD147 in clinical samples still not well -characterized. [17] [18] [19] 29 In the present study, a novel biosensor system was developed. Using a combination of biolayer interferometry technology (BLItz) and different anti-CD147 monoclonal antibodies (mAbs) specific to different domains of the CD147 molecule, Ab based-biosensors were established to simultaneously and rapidly measure and characterize sCD147 isoforms.
Intracellular immunofluorescence staining
Transfected COS7 cells were washed with PBS and fixed with 2% paraformaldehyde for 30 min on ice and permeabilized with 90% methanol for 1 h on ice. After washing, the cells were pre-incubated with 10% fetal bovine serum at 4°C for 30 min to block nonspecific Fc-receptor-mediated binding of mAbs. The blocked cells were then incubated for 30 min at 4°C with specific mAbs, followed by incubation with Alexa fluor 488-anti-mouse IgG Abs (Invitrogen) for 30 min at 4°C. The stained cells were analyzed under a fluorescent microscope (Nikon, Tokyo, Japan).
Immobilization of biotinylated antibodies onto the streptavidin sensor
Anti-CD147 mAbs clones M6-1E9, MEM-M6/3 and MEM -M6/6, as well as isotype-matched control mAbs clones OKT3 and CD4-COS1, were labeled with biotin using EZ-Link™ Sulfo-NHS-Biotin (Pierce) according to the manufacturer's instructions. The biotinylated antibodies (100 µg/mL) were prepared in sample diluent buffer (PBS containing 0.1% bovine serum albumin, 0.02% Tween-20, 0.05% NaN 3 ). Next, biotinylated antibodies were immobilized onto streptavidin sensors (FortéBio), which were hydrated for 15 min before being used. The binding of the biotinylated antibodies onto the sensors was measured using a BLItz biolayer interferometry biosensor (FortéBio) for 2 min to observe the association signal. The immobilized sensors were placed into the sample diluent buffer for 30 s to observe the dissociation of the mAbs.
Determination of sCD147 using the single Ab-biosensor detection system
The mAb-immobilized sensor tips were placed into the sample diluent buffer (PBS containing 0.1% bovine serum albumin, 0.02% Tween-20, 0.05% NaN3) for 30 s to set the binding baseline. The sensors were then placed into samples containing the sCD147 general form, sCD147 D1, sCD147 D2 or sCD31 for 60 s to determine the antigen-antibody association. Finally, the sensor was placed in sample diluent buffer for 30 s to observe antigen-antibody dissociation. The association and the dissociation signals were measured using the BLItz biolayer interferometry biosensor (FortéBio).
Determination of sCD147 using the double Ab-biosensor detection system
Following the sCD147 binding step of the single Ab-biosensor detection system, excess sCD147 was removed by placing the sensor tips in sample diluent for 30 s. Next, the secondary anti-CD147 mAbs, which bind to different extracellular domains of CD147 then the primary antibody, were added. The antigen-antibody association signal was observed for 60 s using the BLItz biolayer interferometry biosensor (FortéBio). The sensors were then placed in sample diluent for 30 s to observe antigen-antibody dissociation.
Data analysis
The binding signals obtained from the biosensors were calculated as a delta binding signal, which was obtained by subtracting the binding signal at the starting point (T S ) from the binding signal at the endpoint (T E ), as given in the equation below. For the single Ab-biosensor system using the time point
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Results
Production of recombinant sCD147
In order to establish a novel antibody-based biosensor for assessing sCD147 isoforms, recombinant sCD147 and other control proteins were required for use as standard materials in the process of developing the method. The sCD147 general form (D1 linked to D2), sCD147 with D1 only (CD147 D1), sCD147 with D2 only (CD147 D2) and sCD31 (as control) were produced using the mammalian expression system. The produced recombinant proteins were validated for their characteristics, as previously described, 31, 32 prior to use. The produced materials had the correct properties (Figures S1 and S2 in the Supplementary materials section). These recombinant proteins, therefore, could be used in the development of the Ab-biosensor. Figure S1 . Validation of the produced sCD147 general form by ELISA. Purified recombinant sCD147 general form and sCD31proteins were coated on an ELISA plate. The ELISA test was performed using anti-CD147 mAb clone MEM-M6/3 (CD147-D1 specific), anti-CD147 mAb clones MEM-M6/6 (CD147-D2 specific) and anti-CD31 mAb clone JC70A (CD31 specific). In the calibration curve measurement, the limit of detection (LOD) was calculated using the following equation:
LOD signal = average of delta binding signal of control + 3SD of control
The calculated LOD signals were used as the Y-value in the equation, as indicated on each calibration curve, and then the X-value was calculated as the LOD. Figure S2 . Validation of the produced sCD147 D1 and sCD147 D2 isoforms by immunofluorescence analysis. (A) Schematic illustration of CD147 molecule (general isoform; Basigin-2) and the plasmid vectors for the production of CD147-D1Rg and CD147-D2Rg. (B) COS7 cells were transfected with plasmid encoding CD147 D1 (CD147-D1Rg) or CD147 D2 (CD147-D2Rg). Intracellular immunofluorescent staining was performed using anti-CD147 mAb clone M6-1E9 (CD147 D1 specific) and anti-CD147 mAb clone MEM-M6/6 (CD147 D2 specific). Light and fluorescent imaging are demonstrated.
Immobilization of mAbs onto the biosensor tip
In order to develop Ab-biosensors, biotin was first labeled on anti-CD147 mAbs, 2 mAbs specific for CD147 D1 and 1 mAb specific for CD147 D2 as well as isotype-matched control mAbs. The labeled mAbs were then immobilized on the streptavidin sensor tips. As demonstrated in Figure 1 , all the biotinylated mAbs showed binding signals with streptavidin sensors when compared to the non-biotinylated mAbs. These data suggest that all mAbs were successfully labeled with biotin and could bind onto the streptavidin sensor tips. Figure 1 . Binding of biotinylated monoclonal antibodies onto streptavidin sensor tip. Anti-CD147 mAbs clones M6-1E9 and MEM-M6/3 (CD147 D1 specific), anti-CD147 mAb clone MEM-M6/6 (CD147 D2 specific), anti-CD4 mAb clone CD4-COS1 (CD4 specific), and anti-CD3 mAb clone OKT3 (CD3 specific) were labeled with biotin. The biotinylated mAbs or unbiotinylated mAbs (as indicated) were immobilized onto streptavidin sensors. The binding of the mAbs onto the sensors was measured using a BLItz optical interferometric biosensor. The isotypes of the mAbs were indicated in the parenthesis. Figure 2 . Specificity of anti-CD147 mAb-biosensors. Anti-CD147 mAbs clones M6-1E9 and MEM-M6/3 (CD147 D1 specific), anti-CD147 mAb clone MEM-M6/6 (CD147 D2 specific), and isotype matched control mAbs (anti-CD4 mAb clone CD4-COS1, anti-CD3 mAb clone OKT3) were immobilized on sensors. The mAb-biosensors were used to determine their specificity by using recombinant CD147 D1 and CD147 D2. The binding signals were determined using a BLItz biosensor and plotted as the mean ± SD of three independent experiments. The isotypes of the mAbs were indicated in the parenthesis.
Single Ab-biosensor system for the determination of soluble CD147
In order to determine the different forms of sCD147, two types of Ab-biosensors, namely single Ab-biosensor and double Ab-biosensor, were designed. For the single Ab-biosensor, biotinylated anti-CD147 mAbs specific for CD147 D1 or CD147 D2 were coated on sensor tips and used for the quantitation of sCD147 using BLItz optical interferometric biosensor in real-time. The anti-CD147 D1 mAbs clone M6 -1E9 and MEM-M6/3, specifically, bound to the recombinant sCD147 D1 but not to sCD147 D2. On the other hand, the anti-CD147 D2 mAb clone MEM-M6/6 recognized only sCD147 D2. Very low binding signals of both the sCD147 D1 and the sCD147 D2 molecules were observed when using Figure 3 . Detection of soluble CD147 by single Ab-biosensor system. The sCD147 general form or sCD31 were loaded into the Ab-sensors and the binding signals were measured using a BLItz biosensor. The delta binding signals of sCD147 and sCD31 to the indicated mAbs were plotted and presented as the mean ± SD of three independent experiments (A). The standard curves were generated to determine sCD147 concentrations using immobilized biotinylated anti-CD147 D1 mAb clone M6-1E9 (B), anti-CD147 D1 mAb clone MEM-M6/3 (C) and anti-CD147 D2 mAb clone MEM-M6/6 (D) with various concentrations of sCD147 general form. The R-squares and the equations are illustrated. The limit of detection (LOD) was calculated as described in Materials and Methods. Mean ± SD of the data binding signals from three independent experiments; one sensor was tested with one concentration of sCD147 in each experiment, as shown.
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isotype matched control mAb-coated sensors (Figure 2) . The results illustrate that the anti-CD147 mAb coated sensors have specific recognition of their target molecules. Therefore, the established Ab-biosensor system could be used for the measurement of sCD147.
The developed single Ab-biosensors were then validated for their detection of sCD147. Both anti-CD147 D1 specific and anti-CD147 D2 specific mAbs demonstrated the binding signal with the sCD147 general form (containing D1 linked to D2) but showed a negative signal with the control antigen, sCD31 protein ( Figure 3A) . The limit of detection (LOD) for the detection of sCD147 by each anti-CD147 mAb was determined. LODs at concentrations of 0.89 µg/mL and 1.132 µg/mL were obtained using anti-CD147 D1 mAb clones M6-1E9 and MEM-M6/3, respectively (Figures 3B and C) . LOD was obtained at a concentration of 8.137 µg/mL using mAb MEM-M6/6 ( Figure 3D) . The results indicate that single Ab-biosensor systems were successfully developed for the detection of sCD147 with a detection limit in the nanogram range.
The combination of BLItz and the use of different anti -CD147 mAbs specific for different domains of the CD147 molecule led to the establishment of antibody-based sensors for the detection of different sCD147 forms. When using these sensors in a single step procedure, only the sCD147 general form (containing D1 linked to D2) and the truncated form with the D1 or D2 domain could be determined. For instance, when the sample was positive for the anti-CD147 D1 sensor, only the presence of sCD147 containing D1 and the absence of the truncated form with D2 domain was indicated. The sample positive for the anti-CD147 D2 sensor only indicated the presence of sCD147 containing D2 and the absence of the truncated form with D1 domain. At the same time, the sample positive for both anti-CD147 D1 and anti-CD147 D2 sensors contained, at least, the sCD147 general form. Therefore, the question was raised regarding how to differentiate between the sCD147 general form (D1 linked to D2) and samples containing CD147 D1 and CD147 D2. To address this question, double Ab-biosensors were designed. Figure 4 . Detection of soluble CD147 by double Ab-biosensor system. After the single Ab-biosensor step, un-biotinylated secondary antibodies were loaded and the binding signals were determined using a BLItz biolayer interferometry biosensor. The delta binding signals of the indicated secondary antibodies to sCD147 or sCD31 on the sensors were plotted and presented as mean ± SD of three independent experiments (A and B). The standard curves were generated to determine the sCD147 concentrations using the pair of biotinylated and un-biotinylated mAbs: M6-1E9 and MEM-M6/6 (C), MEM-M6/3 and MEM-M6/6 (D), MEM-M6/6 and M6-1E9 (E), and MEM-6/6 and MEM-M6/3 (F) with various concentrations of sCD147 general form. The R-squares and the equations are illustrated. The limit of detection (LOD) was calculated as described in Materials and Methods. Mean ± SD of the data from three independent experiments; one sensor was tested with one concentration of sCD147 in each experiment, as shown.
Double Ab-biosensor system for the determination of soluble CD147
By following the same method adopted for the single Ab -biosensor, a secondary anti-CD147 mAbs specific to either D1 or D2 were added to the system and the reaction was analyzed in real-time by using the BLItz biosensor. This system, called the double Ab-biosensor system, detected sCD147 consisting of D1 linked to D2. The secondary Abs used were non-biotinylated anti-CD147 mAbs, which recognized CD147 domains different to those recognized by the primary biotinylated antibody. Using this double Ab-biosensor system, the binding signal of the sCD147 general form (containing D1 linked to D2) to the primary anti-CD147 mAb immobilized on the sensor tip was detected in line with the previous result. As expected, a strong binding signal was observed when the secondary mAbs were added. As the control, the binding signal was undetectable in both irrelevant isotype matched control antibody conditions and sCD31 protein control conditions (data not shown). Figures 4A and 4B illustrate the binding signal of the secondary antibody. With this double Single Ab-biosensor system using biotinylated anti-CD147 mAb specific for CD147 D1 (upper panel) or specific for CD147 D2 (lower panel) immobilized on streptavidin sensors. This system can detect sCD147 general form (D1 linked to D2) and sCD147 D1 or sCD147 D2 isoform. (B) Double Ab-biosensor system for the detection of sCD147 general form (D1 linked to D2). After obtaining a positive binding signal from the single Ab-biosensor assay, secondary anti-CD147 mAbs specific for CD147 D2 or CD147 D1 were added. The association and the dissociation signals of the single Ab-biosensor and the double Ab-biosensor assays were monitored in real-time by using a BLItz biolayer interferometry biosensor.
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Discussion
CD147 is a multifunctional leukocyte surface molecule involved in many cellular functions. [7] [8] [9] [10] 33 Expression of this Ab-sensor strategy, only sCD147 containing D1 linked to D2 was detected.
To determine the optimal conditions, the pairs of antibodies were matched for use as primary and secondary antibodies. Upon using the anti-CD147 D1 clone M6-1E9 mAb as the primary antibody and the anti-CD147 D2 mAb clone MEM-M6/6 as the secondary antibody, it was observed that the LOD was at a concentration of 0.218 µg/mL ( Figure 4C) . However, the lowest detection limit was obtained at a concentration of 0.066 µg/mL by using the anti-CD147 D1 clone MEM-M6/3, as shown in Figure 4D . Using the anti -CD147 D2 mAb clone MEM-M6/6 as the primary antibody, the LODs obtained were 1.093 µg/mL and 1.193 µg/mL, respectively, when the M6-1E9 and the MEM-M6/3 mAbs were used as the secondary antibodies (Figures 4E and F) .
By combining the results of the single Ab-biosensor and the double Ab-biosensor, the presence and concentrations of the general sCD147 isoform (D1 linked to D2) or the truncated forms (D1 or D2) could therefore be determined, as shown in Figure 5 . molecule is associated with cancer progression and metastasis. [11] [12] [13] [14] [15] In addition to the membrane-bound form, sCD147 has been detected in body fluids in several diseases. 12, [23] [24] [25] [26] sCD147 containing either two Ig domains (general form) or only the N-terminal Ig domain (D1 form) has been identified in different diseases. [16] [17] [18] [19] 26, 29 Detection of sCD147 in clinical samples could be a valuable marker for disease diagnosis and prognosis. It has also been reported that different extracellular domains of CD147 have distinct binding partners and functions. 21 Understanding and identifying the structure of shed CD147 might lead to better knowledge of cellular mechanisms and systems biology.
Due to the current limitations of the available sCD147 detection methods, the structure of shed sCD147 is still not well-characterized. [17] [18] [19] 29 To address this problem, in the present study we developed an Ab based-biosensor system by using BLItz. Biolayer interferometry is a type of optical interferometry. 34, 35 The BLItz instrument shines white light down the biosensor and collects the light reflected back. The interference patterns of white light reflected from two surfaces, i.e. an internal reference layer and a layer of molecules bound to its partner on the biosensor tip, are analyzed. The binding of molecules onto the biosensor tip results in a change in interference, which is converted to a binding signal in
